Introduction
It is well known that mechanical properties of a metal or metallic alloy such as strength and toughness highly depend on its structure.
1) Grain refinement of the solidified structure has another advantage of reducing segregation. Thus, a lot of methods to reduce the grain size in the structure have been proposed and have been investigated up to now. Inoculation is one of the most popular methods. This is a very useful method in industry for ingot-casting of cast-iron, aluminum and their alloys. However, added elements by the inoculation may prevent recyclibility of a product. Rapid cooling is an excellent way to reduce the grain size though this can be applied only for a small product because of limitation of heat extraction rate from a metal or an alloy. Application of a vibration during solidification is also an attractive tool for the grain refinement because it promotes nucleation in a liquid.
2) Mechanical vibration of a vessel filled with a liquid metal or alloy during their solidification is a typical method. However, this method has a difficulty to produce a large size product since high power is needed for vibration of the vessel with a metal. The vibrating frequency is also limited because of the large inertia of the vessel with the liquid metal or alloy. An electromagnetic excitation of the vibration can solve these problems and some researchers have succeeded to reduce the grain size in the solidified structures. C. Vives 3) and Radjai et al. 4, 5) obtained grain-refined aluminum alloy structures by applying the vibration, which was excited by the simultaneous imposition of a static magnetic field and an alternating current on the whole of the alloys during solidification. On the other hand, the authors proposed the other grain refinement method in which a static magnetic field and an alternating current are simultaneously imposed on the local volume of a metal or an alloy. [6] [7] [8] [9] In these processes, [4] [5] [6] [7] [8] [9] the static magnetic field over one tesla has been applied excited by a superconducting magnet. Such a strong magnetic field is mainly used in a laboratory scale experiment because of its cost and limited magnetic field space. On the contrary, an electromagnet has been utilized in industry such as an electromagnetic brake in a continuous casting of steel though the maximum intensity of the magnetic field is less than one tesla. Therefore, decrease of the magnetic field intensity is desired to utilize the solidification processes in industrial scale for the grain refinement.
In this study, a S45C carbon steel has been solidified under the simultaneous imposition of a static magnetic field in vertical direction and an alternating current having a horizontal component. Thus, an electromagnetic force was excited in the sample and it affected the solidified structure. After the solidification, the obtained structures were observed and those were compared each other under the different electromagnetic conditions to examine the effect of the electromagnetic fields on the solidified structure.
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(Received on April 13, 2009; accepted on November 18, 2009 ) A S45C carbon steel has been solidified under the simultaneous imposition of a static magnetic field in vertical direction and an alternating current having a horizontal component. Thus, an electromagnetic force was excited in the sample and it affected structure formation during the solidification. The samples solidified under the different electromagnetic conditions were cut and chemically etched for the observation of the macro-and micro-structures. And those were compared each other. Without the imposition of the static magnetic field and the alternating current on the steel, micro-structure was dendrites. On the other hand, the solidified structure under the imposition of the 1 T static magnetic field and the alternating current of 80 A, 2 kHz was equi-axed structure. When the magnetic field intensity was decreased to 0.3 T, some parts of the solidified structure were equi-axed structure. As the frequency of the 80 A alternating current decreased under the constant magnetic field intensity of 1 T, the solidified structure changed from dendritic structure to equi-axed structure. Grain refinement mechanism is supposed to be breaking dendrites into pieces by convection induced in the sample by the non-uniform distribution of the electromagnetic force, which was intensified as the frequency of the electric current increased.
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Experiment

Experimental Procedure
A S45C steel was adopted as a sample. Its chemical composition is shown in Table 1 . Its liquidus temperature and solidus temperature were estimated at 1 772 K and 1 719 K, respectively from Fe-C phase diagram shown in Fig. 1 . Figure 2 shows the experimental apparatus used in this investigation. A 50 g sample inserted in an alumina crucible (SSA-S) with an inner diameter of 20 mm and an outer diameter of 24 mm was set in a bore of a superconducting magnet. The sample was heated to 1 873 K by applying a high frequency current to a coil surrounding the crucible under argon atmosphere. The sample temperature was measured using R-type thermo-couple. Then it was held at 1 873 K during 5 min to homogenize its chemical composition. After the five minutes holding, the power of the high frequency current was turned off to cool down the sample in the crucible. As soon as the power of the high frequency current was turned off, two tungsten bars with a diameter of 3 mm were inserted into the molten sample from its top surface to supply an alternating current to the sample. The distance between the two tungsten bars was 4 mm. The alternating current was turned on when the sample temperature became 1 803 K and it was turned off at the temperature of 1 673 K. A static magnetic field of downward direction was imposed on the sample during the sample temperature was ranged from 1 873 to 1 603 K. Therefore, excitation of an electromagnetic vibration started when the sample was liquid and it finished after the sample solidification. The alloy samples were solidified under five different electromagnetic conditions, shown in Table 2 . Both the static magnetic field intensity and the alternating current frequency were changed in this experiment. After complete solidification of the sample, it was cut into two pieces at vertical cross-section to observe macro-and micro-structures. One of the cut samples was polished using emery papers with different roughness and was finally polished with 1 mm Al 2 O 3 powders. Then, it was chemically etched using Overhoffer's reagent (distilled water: 500 mL, ethyl alcohol (96%): 500 mL, hydrochloric acid (1.19): 42 mL, iron chloride(III): 30 g, copper chloride(II): 1 g, tin chloride(II): 0.5 g). After the chemical etching, macro-structure of the sample was observed using an inverted optical microscope while micro-structure was observed using a scanning electron microscope.
Solidified Structure with and without Electromag-
netic Field Two samples were solidified to examine the effect of the electromagnetic field imposition on the solidified structure. One was solidified without the electromagnetic field imposition (sample1: 0 T, 0 A) and the other was solidified under the simultaneous imposition of the 1 T magnetic field and the alternating current of 80 A, 2 kHz (sample 2). The temperature histories of samples 1 and 2 are shown in Fig. 3 . The current imposition on sample 2 induced the fluctuation of the measured temperature. The cooling rate of sample 2 was a little bit higher than that of smaple 1 in the initial stage of the cooling process. This might be caused by the contacting condition difference of the crucible with the Table 1 . Chemical composition of sample used in this investigation. copper coil in which water run to prevent its melt down. The cooling rate of sample 2 changed about 1 753 K since the latent heat release started around this temperature. Undercooling was not observed in the all samples. Thus, solidified structure was mainly governed by solute diffusion. 10) This means that the solidified structure in this study was affected by the electromagnetic condition through not the thermal condition but the solute diffusion. Solidified structures of the samples 1 and 2 are shown in Figs. 4 and 5, respectively. A big pore is seen at the upper part of the observed plane in the macro-structure of sample 1 (0 T, 0 A) as shown in Fig. 4 . Alumina tube is also observed in the same picture. The micro-structure is composed of a fine dendritic structure in this sample. A large depression is seen at the upper part of the solidified structure of sample 2 (1 T, 80 A, 2 kHz) as shown in Fig. 5 . Vertical depression at the left side in the macro-structure picture is trace of the alumina tube. Some porosities are seen at the middle or lower part of the macro-structure. Grain size shown in the macro-structure picture is typically a few mm while equi-axed structure is obtained in this sample as seen in the micro-structure picture. Therefore, the microstructure of S45C steel can be controlled by the simultaneous imposition of the alternating current and the static magnetic field.
We solidified another sample under reduced intensity of the static magnetic field to 0.3 T (sample 3). This magnetic field intensity is a typical one used in a continuous casting of steel. The other experimental conditions were the same with sample 2. The solidified structure is shown in Fig. 6 . The typical grain size in this sample is roughly estimated at a few mm from the macro-structure picture. The equi-axed structure is observed in the central region of the microstructure picture, while the micro-structure in a peripheral region seems to be intermediate between the dendritc and equi-axed structures. Because dendrite grows until its breakdown, 10) it remains in its initially growing region. This dendrite region in this sample is around the crucible wall. And this region might increase with decrease of the magnetic field intensity. Thus, the simultaneous imposition of the alternating current of 80 A, 2 kHz and the 0.3 T static magnetic field is not enough to make the structure equiaxed in this study. Actually, the equi-axed structure was obtained in the central region of the middle carbon steel sample solidified from the surface to the center with melt flow, while the columnar structure was observed in the peripheral region. 11, 12) And the equi-axed grains ratio had positive correlation with the velocity of the melt flow.
Effect of Electric Current Frequency on Solidified
Structure To clarify the effect of the electric current frequency, two samples (samples 4, 5) were solidified under the different frequency of 100 Hz and 500 Hz, while intensities of the current and the magnetic field were constants of 80 A and 1 T, respectively. The imposing period of the electromagnetic field was the same with sample 2. Temperature histories of samples 4 and 5 are shown in Fig. 7 with that of sample 2. The temperature histories of samples 4 and 5 are quite similar. That is, contacting condition of the crucibles with the coil was similar in these samples. The cooling rates of samples 4 and 5 slowed down just below the liquidus temperature of 1 772 K estimated from Fig. 1 . This was due to the release of latent heat. Macro-structure and micro-structure of samples 4 and 5 are shown in Figs. 8 and 9 , respectively. Straight groove observed in the center of the sample 4 was trace of the tungsten bar. Dendritic structure and equi-axed structure coexist as shown in the micro-structure picture of this sample. Dendrite arm spacing of this sample is similar to that of sample 1 though the cooling rates of samples 1 and 2 were faster than those of samples 4 and 5. This suggests that local cooling rate in the sample depended on the position because the crucible containing the sample contacted with the coil in which cooling water ran and Joule loss depended on the position. In the case of sample 5, grain size is estimated at a few mm from the macro-structure picture. Micro-structure is composed of dendritic structure. Thus, low frequency is not suitable for modification of micro-structure from dendritic structure to equi-axed structure in this experimental condition.
Inserting depth of the tungsten electrodes were longer than the distance between them while electric conductivity of tungsten at 1 773 K estimated at 2.26 · 10 6 S/m was about three times larger than that of molten steel. That is, resistance of the tungsten electrodes in the sample can not be neglected from the viewpoint of the electric current path. Thus, electric current density at the upper part in the sample was larger than that at the lower part. And skin effect also caused non-uniform distribution of the alternating current in the sample. The skin effect strongly affected the current distribution in the sample for the 2 kHz alternating current because the electromagnetic skin layer of 13 mm was smaller than the sample depth. On the other hand, the skin effect did not affect the current distribution in the case of the 100 Hz alternating current since the electromagnetic skin layer of 59 mm was larger than the sample depth. These non-uniform distribution of the alternating current caused non-uniform distribution of the electromagnetic force in the molten sample, and induced convection. And, the convection was intensified as the frequency of the alternating current increased. Therefore, the grain refinement mechanism is supposed to be breaking dendrites into pieces by the convection induced in the sample as mentioned in the previous study.
9 ) The grain refinement mechanism mentioned above agrees with the experimental results. However, this is not enough to determine the grain refinement mechanism. Thus, further investigation is needed to confirm it.
Conclusion
A S45C carbon steel has been solidified under the simultaneous imposition of a static magnetic field in vertical direction and an alternating current having a horizontal component to excite the electromagnetic force in it. Then, the solidified structures obtained under the different electromagnetic conditions were observed and compared each other. And the followings are the results.
(1) The micro-structure changed from dendritic-structure to equi-axed structure by imposing the 1T static magnetic field and the alternating current of 80 A, 2 kHz in this experimental condition.
(2) Some parts of the solidified structure were equiaxed structure under the condition of the 0.3 T static magnetic field and the alternating current of 80 A, 2 kHz.
(3) As the frequency of the 80 A alternating current decreased, the solidified structure changed from equi-axed structure to dendritic structure under the constant magnetic field intensity of 1 T.
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